Abstract Bottlenecks in expression, solubilization, purification and crystallization hamper the structural study of integral membrane proteins (IMPs). Successful crystallization is critically dependent on the purity, stability and oligomeric homogeneity of an IMP sample. These characteristics are in turn strongly influenced by the type and concentration of the detergents used in IMP preparation. By utilizing the techniques and analytical tools we earlier developed for the characterization of protein-detergent complexes (PDCs) [21] , we demonstrate that for successful protein extraction from E. coli membrane fractions, the solubilizing detergent associates preferentially to IMPs rather than to membrane lipids. Notably, this result is contrary to the generally accepted mechanism of detergentmediated IMP solubilization. We find that for one particular member of the family of proteins studied (E. coli receptor kinases, which is purified in mixed multimeric states and oligomerizes through its transmembrane region), the protein oligomeric composition is largely unaffected by a 10-fold increase in protein concentration, by alteration of micelle properties through addition of other detergents to the PDC sample, or by a 20-fold variation in the detergent concentration used for solubilization of the IMP from the membrane. We observed that the conditions used for expression of the IMP, which impact protein density in the membrane, has the greatest influence on the IMP oligomeric structure. Finally, we argue that for concentrating PDCs smaller than 30 kDa, stirred concentration cells are less prone to over-concentration of detergent and are therefore more effective than centrifugal ultrafiltration devices. 
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Introduction
Structural studies of integral membrane proteins (IMPs) are hampered by inherent difficulties in heterologous protein expression and in purification of solubilized proteindetergent complexes (PDCs). The type and concentration of detergents used in IMP preparation are critical determinants of protein homogeneity and stability, and are thus important variables in IMP crystallization experiments. In a previous paper [21] , we presented simple techniques for NMR-based monitoring of the presence and concentration of detergents during all stages of IMP sample preparation, and for characterization of PDCs by analytical ultracentrifugation. The ability of NMR to accurately measure the concentrations of buffer and detergent components in IMP preparations allowed us to trace detergent during protein extraction, to assess the completeness of detergent exchange, and to quantify the actual detergent concentration during ultrafiltration. In this paper, we examine in more detail practical and mechanistic aspects of detergent-mediated protein extraction from E.coli membrane fractions. Membrane solubilization has been studied extensively, and the mechanistic view of this process is based on a three stage model. In the first stage, the detergent is incorporated into the membranous phase; in the second stage, fragmented membrane coexists with mixed lipid-detergent micelles; and in the final stage, membrane components are fully solubilized and incorporated into mixed lipid-detergent micelles [1, 2, 5, 14-16, 18, 19, 26] . Most of the detailed experimental studies of membrane solubilization were performed using phospholipidic liposomes or relatively homogeneous membrane vesicles, for example those from sarcoplasmic reticulum (SR), which contain mostly phosphatidylcholine and Ca 2? -ATPase [22] . In contrast, native E.coli membrane is complex: its phospholipid composition (70-80% phosphatidylethanolamine, 15-25% phosphatidylglycerol, and 5-10% cardiolipin) is different from that of SR, and about half of its weight is contributed by hundreds of natively encoded proteins embedded in the membrane [12] . It is therefore not surprising that the properties of E. coli membranes can differ substantially from those of model membrane systems. The partial and selective solubilization of membrane components from a complex membrane environment (like the E.coli membrane) remains poorly characterized [19] . Detailed studies with SR vesicles from rabbit skeletal muscle have indicated that during the first stage of membrane solubilization, the membrane lipid serves as the major detergent binding component [14] . Although it has been shown that there is no abrupt transition from membranous to the detergentsolubilized state, a general viewpoint is that as a consequence of detergent partitioning into the membrane, the membrane lamellar structure is disturbed and solubilized species that are composed of protein, detergent and lipid are released to the non-sedimentable fraction. In this view, however, the protein does not have an active role in the solubilization process. Yet, abundant data suggest that detergents are selective for IMPs, which means that treatment with a specific detergent may fail to solubilize certain proteins and instead results in incomplete solubilization of membrane. Three distinct types of membrane domains, lipid rafts, detergent-resistant membranes and liquidordered lipid phases, have been introduced by researchers to explain such resistance to solubilization by detergents (for review see [20] ). But again, in these models, the IMP components play a rather passive role. We feel that often overlooked in the membrane-solubilization process is the competition between detergent and lipid for interaction with the IMP. In contrast, our current studies of the solubilization of E.coli membrane fractions with and without an overexpressed IMP suggest the importance of detergent-IMP interactions as we find that during solubilization, detergent incorporates into the membrane most probably by association with membrane-embedded protein and that this association is a determining factor in successful protein solubilization.
In order to check the homogeneity of the sample and to characterize the oligomeric state of the PDC, we analyzed the data from the velocity experiment by analytical ultracentrifugation (AU) and used physical constraints on the Tanford equation [28] to roughly estimate the composition of the PDC [21] . This method was more accurate for monomers and dimers of IMP and less accurate for higherorder multimers. Searching for a more robust method we found that static light scattering (LS) measurements are perfectly suited to our needs. The basic idea behind static LS analysis is that the amount of light scattered by a particle is proportional to particle mass and particle concentration, so by measuring the amount of light scattered by a particle and the concentration of the particle we can derive its averaged molar mass [31] . Coupling LS with size exclusion chromatography (SEC) is therefore a logical step, because particles can be fractionated according to size and their concentration can be measured using UV absorbance or refractive index (RI) [8] . To apply this methodology to IMPs, decoupling protein and detergent from the PDC is necessary. This is done by measuring the concentration of PDC particles both by UV absorbance and RI. Since the molar concentration detected by both devices is the same, comparing the signals from UV and RI gives the basis for the estimation of the amount of both the protein and the detergent in the PDC [11, 30] .
Comparing the results of the two methods, we observed that the determination of the oligomeric composition of the truncated form of the receptor histidine kinase ArcB by AU is in good agreement with that by LS. Additionally, we found that at a high concentration (OD 280 = 10) the oligomeric composition of ArcB(1-83) determined by AU is the same as it is at a low concentration. Following this observation, we examined a large number of E. coli receptor kinases for possible changes in their oligomeric state when purified in a particular detergent after the PDC is perturbed by addition of another detergent, a procedure commonly used in crystallization of IMPs [23] . Our main focus was on those receptor kinases which were purified as a mixture of oligomers. In most cases we observed no change in the oligomeric composition of the investigated protein. This observation allowed us to conclude that for E. coli receptor kinases altering protein concentration and adding a different detergent to the existing PDC is unlikely to change the oligomeric structure of the IMP once it is stabilized in the primary detergent. However, we observed that the conditions used for expression of the IMP, which impact protein density in the membrane, has the greatest influence on the IMP oligomeric structure.
We have previously reported that during ultrafiltration by centrifugation of some detergents the concentration factor depends on the initial concentration of these detergents [21] . We excluded the possibility that micelle size increases with concentration and we found that concentration polarization during ultrafiltration, which not only limits the tangential flow and decreases the permeability of the membrane but also effectively decreases membrane molecular weight cutoff, is solely responsible for this phenomenon [3, 4] .
Materials and methods
DHPC was purchased from Avanti Polar Lipids; all other detergents were purchased from Anatrace and all chemicals from Sigma. NuPAGE gels are from Invitrogen. The Vivaspin ultrafiltration device is from Vivascience.
Membrane fractions preparation
The genes of E. coli receptor kinases were cloned to pMIS vector [13, 25] and expressed in E.coli BL21 DE3 cells. The clone of GFP-fused-YcjF was obtained from the von Heijne group [7] and also expressed in E. coli BL21 DE3 cells. To obtain membranes without overexpressed protein we grew untransformed E. coli BL21 DE3 cells. The truncated gene of E. coli receptor kinases ArcB(1-83) was cloned to pHIS8 vector and expressed in E.coli BL21 DE3 cells in two different ways: first both samples were expressed at 37°C until OD 600 reached 0.6 and then, after IPTG induction, one sample was expressed at 18°C and the other at 37°C. The membranes from these cells were prepared by a standard protocol as described in Kefala et al. [13] .
Protein extraction from cell membrane
Aliquots of EnvZ, YcjF and ArcB(1-83) membrane fractions were mixed 1:1 with extraction buffer (20 mM TrisHCl pH 7.6, 200 mM NaCl, 1 mM MgCl 2 , 1 mM BME) containing extraction detergent at twice the desired concentration and incubated with stirring overnight at 6°C. The detergent-solubilized fraction was separated by centrifugation at 100,000 g for 1 h and extraction efficiency was estimated from SDS-PAGE by comparing fractions before and after the 100,000 g spin.
Solubilization studies for E. coli membranes without and with overexpressed proteins (NarX and YcjF)
The concentration of the membranous phase in the membrane fraction used in this study was adjusted to 25 mg/ml. The primary concentration was measured by weighing the pellet of the membrane fraction after the 100,000 g centrifugation during membrane preparation. Aliquots of membrane fractions were mixed 1:1 with extraction buffer containing detergent at twice the desired concentration. The fractions were incubated with stirring overnight at 6°C, the detergent-solubilized fraction was separated by centrifugation at 100,000 g for 1 h, and the detergent concentration in this fraction was measured by NMR [21] .
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Using detergents as additives
The stocks of detergents listed in Table 1 were prepared at concentration set to 10x the destination concentration, also listed in Table 1 . The concentrated protein was mixed with each detergent stock in the 9:1 ratio and incubation time varied between 2 to 72 h before the sample was analyzed by LS.
Homogeneity and oligomeric state of IMP analyzed by light scattering 20 ul of each of the FPLC-purified E. coli kinase receptors concentrated to *10 mg/ml was injected into the Waters HPLC system equipped with Wyatt miniDawn (LS) and Optilab (RI) devices in line, which were pre-equilibrated with 20 mM Tris pH 7.4, 200 mM NaCl, 2 mM FC12. Data recorded by the UV spectrometer and the RI and LS devices were analyzed using the Protein Conjugate module of Wyatt's ASTRA V software. The extinction coefficient for protein was calculated from the amino acid composition [9, 10] . dn/dc = 0.185 was used for proteins [8] . To measure dn/dc of FC12, 5 ml of the detergent at eight different concentrations (0.5 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 mM) were injected directly to the Optilab RI detector and the obtained RI values were used to calculate dn/ dc = 0.131 [27] .
Analytical ultracentrifugation measurements
Two samples of ArcB(1-83) were prepared at OD 280 = 0.8 and OD 280 = 10 in a 20 mM Tris pH 7.4, 200 mM NaCl, and 2 mM FC12 buffer. Velocity measurements were completed at 40,000 rpm and 20°C in a AN60 rotor by collecting 200 absorbance and 200 interference scans for the OD 280 = 0.8 and OD 280 = 10 samples, respectively. The scans were first analyzed by the van Holde-Weischet method [29] and then by the C(s) analysis using ultrascan software [6] . Detergent contribution to the PDC buoyant mass was negligible because buffer density was very close to the density of FC12 [21] , so the detergent buoyant mass was close to zero.
Detergent ultrafiltration by centrifugation
Four samples of 10 ml of 20 mM Tris pH 8.0 buffer containing 10 mM of LDAO were concentrated independently in four 30kD cutoff Vivaspin concentrators down to about 1 ml using the Beckman Allegra 25R centrifuge at 3,000 rpm and 20°C. The spin was stopped every 2 min and two of the four samples were mixed by gentle pipetting. The concentration factor (cf) was calculated as follows: cf = (fc-ic)/(n*ic-ic), where fc is the final concentration, ic-the initial concentration, and n-fold concentration = iv/fv, where iv is the initial and fv is the final volume.
Results and discussion
Protein extraction from the E. coli membrane by detergents
In our previous study [21] , we hypothesized that during the detergent-mediated solubilization of membrane proteins overexpressed in E. coli, the detergent preferentially binds to the protein, and that the protein is extracted from membrane lipids only after the detergent exceeds a critical threshold concentration, below which no protein and almost no detergent exists in the supernatant after 100,000 g centrifugation (referred to as a hard spin). The specific affinity of a detergent for a protein is consistent with the observation that certain proteins can be solubilized only by particular detergents. For example, solubilization profiles of EnvZ and GFP-fused-YcjF with 20 mM of commonly used detergents show that EnvZ can only be extracted by FC14, FC12, FC10, Zw-3.14, DPh, and SDS (as illustrated in Fig. 1a) , whereas GFP-fused-YcjF is extracted by most detergents except DHCP and Brij-30 (Fig. 1b) . Even a vast excess of an incompatible detergent will not effect the extraction of certain proteins, as illustrated in the last four lanes of Fig. 1a , which show the inability of both 200 mM DDM and DM to extract EnvZ. To test our hypothesis that the solubilizing detergent binds preferentially to an overexpressed IMP, we compared the solubilization properties of several detergents with E. coli membrane fractions lacking overexpressed protein or containing the overexpressed proteins NarX or GFP-fused-YcjF (Fig. 2) . The same amount of membrane was used for each experiment, and therefore the membrane samples differed mainly in the amount of IMP. Our results clearly indicate that the appearance of the solubilization detergent in the pelleted membrane fraction is influenced by the amount of protein in the membrane and the affinity of the detergent to the protein.
In other words, during the first stage of solubilization the detergent incorporates into membrane by association with membrane proteins. The detergent will not solubilize proteins for which it lacks affinity.
For the purpose of analyzing these results we introduce a detergent parameter, which we call the critical protein solubilization concentration (CPSC), below which only background (less than 10% of total) amount of protein is solubilized and most of the detergent is in the sedimentable fraction. It is worth noting that the amount of protein solubilized below CPSC hardly depends on the detergent concentration (Fig. 2) . When the membrane containing overexpressed protein is solubilized with a detergent capable of extracting this protein (for example, DDM and DM for YcjF -green lines in Fig. 2a) , about 80-90% of the detergent is pulled down during the hard spin when the detergent concentration is below CPSC (between 4 and 6 mM in this case). However, as the detergent concentration rises beyond this threshold, the protein becomes increasingly solubilized and the fraction of pulled-down detergent decreases. Conversely, when the same membrane sample is treated with a non-extracting detergent (for example DDM and DM for NarX -turquoise lines in Fig. 2a) , the fraction of detergent pulled down is similar in behavior to that observed for the detergent treatment of membrane with no overexpressed protein (NOP) (red lines in Fig. 2a ). There is a non-negligible amount of various endogenous E. coli proteins in membranes with NOP, but the total amount of protein is considerably smaller than in the case of membranes with overexpressed protein. That is why the fraction of pulled-down detergent solubilizing a NOP membrane decreases much faster when detergent concentration increases. Also, different detergents will have different affinities to the endogenous E. coli. proteins, which explains for example why about 70% of DDM and only 40% of FC14 at 1 mM are pulled down during the hard spin. It is then clear that the pull-down of the solubilization detergent during hard spin depends on the affinity of the detergent to the solubilized protein. The CPSC also depends on the amount of protein in the membrane. When the amount of solubilized membrane containing YcjF was increased four times, the CPSC also increased about four times from 3-4 mM to 10-20 mM (Fig. 2b) .
Homogeneity and oligomeric state of IMP analyzed by light scattering
We confirmed the principle of decoupling protein and detergent in PDC by light scattering experiments on numerous E. coli receptor kinases. For example, Fig. 3 shows a typical light scattering experiment for the E.coli tyrosine kinase receptor Etk. The analysis yielded that in FC12 Etk is a monomer with an estimated average molecular mass of 100.3 kDa and an estimated protein-todetergent weight ratio of 1.2. The molecular weight calculated from the sequence of this protein is 99.8 kDa, so experimental error is less than 1% in this case. In order to check if the LS results are in agreement with the AU results, we used a truncated version of the receptor histidine kinase ArcB(1-83) purified in FC12 and estimated its average molar mass from LS as well as AU experiments. We found that both methods rendered similar results (Figs. 4a, 4b) . The protein is a mixture of monomers, dimers and tetramers. The monomers are eluted under the dimer peak shoulder, as illustrated in the chromatogram by light scattering at 90° (Fig. 4a) , and are not easily identified, but it is evident from the figure that most of the protein is dimeric. Similar results can be concluded from the C(s) type of analysis of the absorbance scans from the AU velocity experiment (Fig. 4b) . Protein concentration used in LS experiments usually cannot exceed OD 280 = 1 in order to allow for a reliable UV measurement. Since we knew from previous experiments that ArcB can form mixtures of various oligomers, we measured its oligomeric distribution by AU at OD 280 = 10 ( Fig. 4c) and found that Following this observation, we decided to check whether the oligomeric state of the protein could be changed by, for example, addition of different detergents. We have been using detergents as additives (Table 1) for crystallization for a long time. The main idea is to change micelle properties by forming mixed micelles of the main and the additive detergents. Changing the size of the micelle could influence protein stability and accessibility of the soluble domains and allow protein-protein contacts, which might positively affect crystallization. We used LS to follow changes in the oligomeric state of several different receptor kinases upon addition of the detergents listed in Table 1 and different incubation times, which varied from 2 to 72 h. A receptor kinase purified in FC12 was mixed with the additive detergent in such a way as to achieve the final concentration of the additive detergent specified in Table 1 . We focused mainly on those proteins which are a mixture of different oligomers after purification, because previous experiences indicated that the oligomeric state of such proteins depends highly on the preparation process. This raises the question of whether the addition of a second detergent would also affect the oligomeric composition. Using ArcB(1-83) purified in FC12 as illustrated in Fig. 5 as an example, we can see that there are no changes in the oligomeric composition of IMP upon addition of a variety of additive detergents, however, our experiment showed that some proteins precipitated after addition of CHAPS, CHAPSO, OG or NG. Additionally, we did not observe any change related to incubation time. For the purpose of clarity Fig. 5 shows the results for only two detergent families: the foscholine family with different hydrophobic chain lengths, which includes the main detergent FC12 (Fig. 5a) , and the maltoside family (Fig. 5b) . Knowing that the oligomeric composition of ArcB(1-83) does not change with protein concentration or with the addition of another detergent, we were posed with the next question: at what stage of protein production does the mixture of different oligomers become ''frozen''? In order to see if detergent concentration during the solubilization stage may play a role we extracted ArcB(1-83) with 5 and 100 mM of FC12 and, after parallel protein purification for both samples, we compared their oligomeric compositions. As evident from Fig. 6a , these two extractions yielded similar compositions. However, when we repeated this experiment using protein from another preparation, its oligomeric composition was different (Fig. 6b) . The slight difference in oligomeric composition that could be observed between the 5 and 100 mM detergent extractions both in panel 6A and 6B was that the 5 mM extraction resulted in a slight shift toward higher oligomers. However, the difference in the oligomeric state between panels 6A and 6B had to be attributed to different expression or preparation. In order to separate expression of the protein from its preparation we expressed ArcB(1-83) overnight at 37°C and 18°C and conducted subsequent membrane preparation and purification for both samples in a parallel mode. From the difference between oligomeric states in the two samples presented in Fig. 6c it is evident that the main factor governing the oligomeric composition of ArcB(1-83) is expression.
Detergent ultrafiltration by centrifugation
Ultrafiltration by centrifugation is the most commonly employed method of concentrating protein for crystallization. We previously provided some guidelines for using the concentrators [21] and we recommended the use of a 50 kDa or higher cutoff Vivaspin device, since they are permeable for most commonly used detergents while the 30 kDa cutoff devices are not. We found in the previous study that the concentration factor for 30 kDa cutoff membranes increases upon raising the initial concentration of the detergent for both the regenerated cellulose (Amicon) and the polyethersulfone (PES) (Vivaspin) membrane. There are two possible explanations for this: (1) micelles increase in size; (2) there is a change in membrane permeation due to the concentration polarization effect. Since we determined by using LS that increasing detergent concentration does not change the average molar mass of micelles, we conclude that the latter takes place. To prove it, we compared the concentration factors for the 30 kDa cutoff PES membrane from Vivaspin with partial mixing and without mixing during the concentration process, and we found that mixing decreases the concentration factor by 50% (Table 2) . Therefore, we concluded that mixing partially overcomes the concentration polarization effect and results in increased membrane permeability. Since this problem appears mostly with the 30 kDa cutoff membrane, in order to concentrate PDCs smaller than 30 KDa, stirred 
Conclusions
After PDC has been formed, it is difficult to displace the detergent to allow protein-protein interactions of transmembrane protein domains to form protein oligomers. The results we present here confirm that for ArcB(1-83) increasing protein concentration 10-fold does not change the oligomeric composition of the protein. Moreover, changing micelle properties by adding other detergents to the PDC sample of an E. coli receptor kinase extracted and purified with the primary detergent typically does not result in a change of the oligomeric state of the protein, even for proteins extracted and purified as mixtures of oligomers. We have also found that modification of parameters of protein expression, such as temperature, changes the oligomeric composition of the protein more profoundly than modification of detergent concentration during protein solubilization. This finding is rather surprising because it has been shown before that the concentration of the solubilization detergent affects the homogeneity of the protein [17] . A possible explanation of our results is that, as the density of the overexpressed protein changes in the E.coli membrane from expression to expression, different oligomers are formed in the membrane, which are subsequently extracted by the solubilization detergent. However, we would like to stress that our results can be only generalized to proteins which oligomerize through their transmembrane domains and that protein-protein interactions interplay with protein-lipid, protein-detergent, detergent-lipid, lipid-lipid, and detergent-detergent interactions and the final result of solubilization is the function of all these factors.
Our studies of protein extraction show that in the initial stages of solubilization of proteins overexpressed in E. coli membrane, the detergent partitions itself to the membrane and associates mostly with the protein present in the membrane. At concentrations below CPSC, most of the detergent is partitioned into the non-sedimentable fraction and as a consequence is pulled down by hard spin. Our data suggest that the protein is the main detergent-binding component. However, when the detergent concentration increases above CPSC, the interaction between detergent and the lipid molecules that surround IMP will likely destabilize the lipid structure around the protein, and, as a consequence, the protein, protected by the detergent or by mixed detergent-lipid micelles, is released from the membrane. One could argue that in accordance with the generally accepted view of the initial stages of solubilization, the lamellar structure of the membrane is compromised and then the protein is released to the nonsedimentable fraction but since the detergent concentration is too low (less than CPSC) to solubilize the IMP, the protein aggregates together with detergent and as a consequence is pulled down by hard spin, which would also explain our data. However, we feel that this argument is not substantiated because membrane proteins can stay soluble with detergents which cannot extract them from the membrane. As an example we showed that DDM cannot solubilize EnvZ even at the concentration of 200 mM, however, it can effectively and completely replace FC12 and keep the protein soluble for days at the concentration as low as 3 mM [21] . It is known that membrane lipids can be efficiently solubilized by detergents [15] . It is also known that some IMPs are sequestered within small compartments of the membrane for functional reasons [24] . There is a possibility that overexpressed IMPs are also compartmentalized and depending on detergent-lipid and detergent-protein interactions, the individual compartments may not be soluble with particular detergents. This is especially true of detergents which have weaker affinity for protein than lipids and whose affinity for lipids is weaker than that of protein, which essentially means that neither the lipids enclosing IMPs nor the IMPs are soluble with such detergents. We agree therefore with Lichtenberg et al. [19] that more research is required to clarify mechanistic aspects of detergent-mediated solubilization of membrane components in protein-rich highly heterogenous membranes.
Summary
In this paper we demonstrated that: (1) in successful IMP protein extraction, the solubilizing detergent interacts preferentially with IMPs rather than with membrane lipids; (2) the conditions used for the IMP expression have a greater influence on IMP oligomerization than the subsequent solubilization and purification steps; (3) for concentrating PDCs smaller than 30 kDa, stirred cells perform better than centrifugal ultrafiltration devices, which can cause over-concentration of the detergent.
